Elastic compression is recommended in prophylaxis and treatment of venous disorder of the human leg. However, the mechanisms of compression are not completely understood and the response of internal tissues to the external pressure is partially unknown. To address this later issue, a 3D FE model of a human leg is developed. The geometry is derived from 3D CT-scans. The FE model is made up of soft tissues and rigid bones. An inverse method is applied to identify the properties of soft tissues which are modelled as hyper-elastic, near-incompressible, homogeneous and isotropic materials. The principle is to calibrate the constitutive properties by using CT-scans performed with and without the presence of a compression sock. The deformed geometry computed by the calibrated FE model is in agreement with the geometry deduced from the CT-scans. The model also provides the internal pressure distribution, which may lead to medical exploitation in the future.
Introduction
The function of venous system is to return the blood from the organs to the heart. To help this function, valves located along the veins prevent the back flow of venous blood. However gravitational forces significantly affects the venous return: when a person is standing or sitting for example, the presence of valves alone is not sufficient to force blood out of the leg. This may result in a build up of hydrostatic pressure due to the weight of the fluid and cause vein dilatation. Without the operation of an important compensatory mechanism, standing upright would lead to a significant oedema. Indeed the venous return from the leg is underpinned by the muscular contraction which drains off stagnant blood from the muscles and deep veins. Accordingly the calf is commonly called the peripheral heart: it fills up and empties repeatedly. People suffering from venous diseases or subject to prolonged standing position may suffer from irreversible damage in their valves. This leads to varicose vein or oedema in more serious cases.
The recommended treatment for venous insufficiency is to wear elastic compression (EC) garments. Though the contribution of EC is shown to be clinically efficient (Amsler et al. 2009; Musani et al. 2010; Oduncu et al. 2004) , the actual mechanisms of EC and its biomechanical effects on internal tissues are still partially unknown. Studies found in the literature approach the problem in three different ways.
The first one is to model the contact between the sock and the leg (Gaied et al. 2006; Dai et al. 2007; Li et al. 2003; You et al. 2007; Zhang et al. 2007 ). The motivation behind this comes from the observation that the increase of the intramuscular pressure is either lower or higher than the pressures measured between the skin and the sock at the middle of the calf (Maton et al. 2006 ). This discrepancy is due to the fact that the pressure exerted by socks is not uniform around the leg.
The second approach to solve this problem is to model the blood flow in veins (Aubert et al. 2001; Downie et al. 2008; Cros et al. 2002; van Donkelaar et al. 2001; Guesdon et al. 2007) .
The third approach is to model the compressed soft tissues in a patient specific way. In these studies, biological soft tissues are usually assumed to be hyper-elastic. By performing medical imaging and applying inverse methods, the material properties of soft tissues can be identified. This procedure was followed respectively by Oomens et al. (2003); Linder-Ganz et al. (2007) and Avril et al. (2010); Bouten (2009) to determine the material properties of the buttock and of the leg. In such studies, natural mechanical loading is used to identify constitutive parameters. Finite element (FE) models of the undeformed tissues are constructed from medical images of the non-compressed tissues. A second set of images taken in the compressed state is used to determine the constitutive properties fed into the FE model for calibration purposes (Avril et al. 2010; Linder-Ganz et al. 2007 ). The calibrated model gives access to the internal pressure distribution of the patient-specific leg. This approach is generally applied for 2D FE models. The aim of this study is to extend it to 3D FE modelling of the human leg under EC. This paper is focused on the identification methodology. The medical exploitation of the results is out of scope.
Methods

Protocol
3D Computed Tomography scans (CT scans) of the right leg are acquired on a 25 year old female volunteer without venous pathology, following informed consent and according to a protocol approved by the local institutional ethics committee. The scans are acquired with and without EC in a seated position. The compression sock used is the BVSport c Pro Recup sock. This sock, specifically designed for recovering after sport exercising efforts (Couzan et al. 2009 ), applies maximum compression at the calf instead of the ankle as is the case of traditional compression socks. The pressure increases linearly from ankle (0.6 kPa in mean) to knee (4.7 kPa in mean).
In order to evaluate the actual pressure applied locally onto the leg, the stiffness of the sock must be characterized. Consequently, the sock used in the first place during the image acquisition is subsequently tested in tension at different heights. A non-destructive system based on the NF G30-102 standard (AFNOR 1986 ) is used to reproduce loading conditions similar to those observed when the sock is worn. The textile fibres in the weft direction are aligned to the loading direction throughout the whole test. The fabric stiffness k is deduced at different heights as the average slope of the tension versus strain curve. It is estimated with an accuracy of 14%. The set-up is shown in Figure 1 
Geometry and meshing
Image acquisition and processing
The size of the CT-scan images is 512 × 512 × 376 voxels and the voxel size is 0.93 × 0.93 × 1 mm. A cylindrical coordinate system (r, θ, z) is defined, z being the vertical axis (Figure 2 ) obtained by diagonalizing the inertia matrix of the mechanical system composed of the tibia and fibula bones. The inertia matrix is computed from the 3D images. After different steps of image processing (filtering, thresholding and cleaning), the images are segmented into three regions:
• region one is composed of the adipose tissue (skin and fat) and some veins, • region two is composed of the muscles, blood vessels, tendons and fasciae, • region three is composed of the tibia and fibula bones of the leg.
These regions are shown on Figure 2 . Segmentation is performed using the ImageJ software. 
Mesh generation and element type
Once the 3D medical images have been segmented, the Avizo c software is used to generate the mesh. 359,374 tetrahedral elements (71,960 nodes) were used to 4 create the FE model. There are three quality criteria for the surface mesh:
(1) the aspect ratio (< 10), defined as the ratio of the radii of the circumcircle and the incircle for each triangle. (2) the dihedral angle (> 11 • ), defined as the angle between each pair of adjacent triangles at their common edge. (3) the tetra quality ratio (< 20), defined as the ratio of the radii of the circumsphere and the inscribed sphere for the tetrahedron which would probably be created.
For fulfilling the quality criteria, the surface mesh is smoothed. At each eight z, a five-degree-Fourier descriptor of the contour is defined according to:
where ( 
Boundary conditions of the FE model
All the degrees of freedom along the contours of the tibia and fibula bones are fixed, as they are assumed to be infinitely rigid (their elastic properties are nearly 1000 times as large as those of soft tissues). An inhomogeneous pressure is applied on the external surface of the leg. On this surface, positions are fully defined by their coordinates θ and z in the global cylindrical coordinate system. At a given position (θ, z), the value of the local pressure is obtained from the Laplace law:
where P is the pressure, T the sock tension, R the local curvature radius of the leg in the horizontal plane (curvature in the vertical plane is neglected), k the fabric stiffness, and ε the local sock strain. The latter is derived from the known perimeters of the leg and of the sock: ε = l−l0 l0 where l is the perimeter of the leg and l 0 the perimeter of the sock. The perimeters of the sock are measured and those of the leg are estimated from the CT-scans.
The fabric stiffness is measured at the sock ankle and calf according to the method described in section 2.1. The value of k depends only on the vertical coordinate, i.e. it is constant in horizontal planes. It is also constant from the ankle to a height of 60 mm above the ankle, then increases linearly up to a height of 140 mm and is constant again in the calf region (Figure 3) . The Fourier descriptors used to smooth the surface mesh (Equation 1) are also used to compute the local curvature radius which is required in the Laplace law (Equation 2). Each node i is defined by its angle and its height (θ i , z i ) in the cylindrical coordinate system. The radius of the contour at the height z i is a function of the angle: r = r(θ, z i ). The first and second derivatives of r(θ, z i ) with respect to θ are used to compute the local curvature radius R(θ, z i ) according to:
where r (θ, z i ) and r (θ, z i ) are the first and second derivatives of r(θ, z i ) with respect to θ.
Friction of the sock on the leg is neglected, which means that no tangential stress is considered.
Material properties
Constitutive equations
Soft tissues in regions one and two are defined as homogeneous, isotropic, nearincompressible and hyper-elastic materials. A Neo-Hookean strain energy function is used (Avril et al. 2010; Linder-Ganz et al. 2007 ). This energy function models the mechanical behaviour of the equivalent homogenized materials (material one for the region one and material two for the region two) where the properties are a mixture of the properties of the biological components of the regions. The NeoHookean strain energy function may be written:
where I 1 = Tr F.F t is the first deviatoric strain invariant, J = det (F) the volume ratio, F the deformation gradient, F = J − 1 3 F the deviatoric deformation gradient and Tr the trace of a matrix. The behaviour of each material is driven by two parameters: G 1 and K v1 for material one and G 2 and K v2 for material two. For infinitesimal deformations, K v denotes the bulk modulus (or compressibility modulus) whereas G denotes the shear modulus. These constitutive parameters are identified by an inverse method which is detailed in the following paragraph.
Identification methodology
In order to determine the parameters G and K v , an inverse method is used. Three steps are necessary: Image warping. Before performing the image warping with the FE method, the two CT-scan images (with and without EC) need to be aligned in the same geometrical referential. For this purpose, the two images (respectively called the reference and the floating images) are registered with a rigid transformation following the Iterative Closest Point (ICP) scheme (Besl and McKay 1992) . The 3D registration process is applied on the points of region three (bones) which is not deformable. The following steps are iterated until convergence:
(1) Pair each point of the floating image with the closest point of the reference image, (2) Compute the transformation that will best superimpose the paired points, (3) Apply this transformation to the points of the floating image.
After this operation, warping with the FE method may be achieved. Only the position of the nodes located across the external surface of the leg is considered.
• Let (X, Y ) init denote the position of the nodes in the undeformed geometry obtained from the CT-scans of the leg without EC.
• Let (X, Y ) target denote the position of the nodes in the deformed geometry obtained from the CT-scans of the leg with EC (after rigid registration).
• Let (X, Y ) simul = (X, Y ) init + (u, v) denote the "virtual" position of the nodes after computing the deformation of the leg due to EC by the FE model.
The locations of (X, Y ) simul and (X, Y ) target are approximated by five-degreeFourier descriptors (Equation 1) in 29 horizontal cross sections (one centimetre apart). Thus, for each cross section, the contours of the form r simul (θ, z) and r target (θ, z) are obtained respectively for the simulated and target data.
Mismatch estimation. The cost function to be minimized is constructed from the simulated and target contours of the leg. The r(θ, z) function is used to build the following cost function ( Figure 5 ):
where M is(z i ) is the mismatch between the simulated and the target data at height z i . Figure 5 . Mismatch number calculation to build the cost function C between the experimental target data and the initial data (the simulation initial condition).
Optimisation. The BLVM algorithm is used to minimize the cost function C defined above since it is dedicated to least-squares minimization problems. It requires computing the gradient of C with respect to the parameters, which is performed by backward finite differences. The stopping criterion of the optimisation is the norm of the increments of the normalized parameters. It is fixed at 10 −5 .
Results
External pressure map
The pressure applied by the sock onto the skin estimated using Equation 2 is shown on Figure 6 . Large pressures are located at the middle of the tibia and on the gastrocnemius muscles, where the curvature radii are smaller. The pressure is null in zones where the curvature radii are negative because the sock does not compress them. . External pressure applied on the leg. Posterior, exterior, anterior, interior views and circumferential mean pressure.
Identified constitutive parameters
The initial values of the parameters used to start the optimisation are: G = 20 kPa; K v = 500 kPa for both materials. The identified G coefficients are 11.1 kPa and 5.8 kPa, and the identified K v coefficients are 1.06 MPa and 1.16 MPa respectively for material one and material two.
The strain energy function (Equation 4) consists of two terms which correspond to:
• a contribution of deviatoric strains arising from shape changes:
In the Neo-Hookean model, each contribution is assigned a constant constitutive parameter. The order of magnitude of the bulk modulus K v can be estimated according to:
where V 0 denotes the initial volume, ∆P the variation of pressure and ∆V the variation of volume. Knowing that the variation of volume of the leg is 0.5 % and knowing that the mean and maximum pressures are 2.5 kPa and 4.7 kPa, the value of the bulk modulus can be estimated to be around 460-870 kPa. The values of the G coefficients found in literature range from 16 to 32 kPa for fat and 8 to 145 kPa for muscles (Linder-Ganz et al. 2007; Tran et al. 2005) .
The values of material properties obtained from the identification procedure developed in this paper are of the same order of magnitude though the values are slightly different. Figure 7 shows the initial, target and simulated contours (Fourier descriptors) at different heights. On the simulated contour, a colormap shows the mismatch for each cross section. The major mismatch of the contour is located at the interior side of the leg. These results are obtained after 30 hours of calculation and 12 BLVM iterations.
The mismatch number of the initial mesh is C init = 2.11 and the one at the end of the simulation with the optimum constitutive parameters is C optim = 1.26. 
Pressure field
The way in which the pressure is transferred from the skin to the deep tissues is analysed. The hydrostatic pressure field inside the leg emphasizes a heterogeneous pressure distribution inside the leg (Figure 8 ). The maximum pressure is located where the curvature radius is minimum: near the tibia (on the front of the leg) and in the fat near the gastrocnemius muscles. Figure 9 shows the hydrostatic pressure as a function of height at the main veins' locations in the deep and superficial venous system. This pressure is compared to the average pressure applied. Due to the geometric effects and bones' locations, the hydrostatic vein pressure is found to be higher than the average applied pressure. 
Discussion
Comparison of 2D and 3D models
In previous 2D studies (Avril et al. 2010) , the identification of the properties of soft tissues in leg was based on the images of a cross section of the calf, taken at the height where the perimeter of the calf is the largest. On this cross section, the area change between the uncompressed and the compressed state was 4.5%. The plane strain assumption which is common in 2D problems (Gefen 2002; le Floch et al. 2009 ), has also been used in this previous study. However the leg is very different from an infinite cylinder. Accordingly, 3D effects may be significant, justifying the 3D model developed in this paper.
An important aspect of the 2D versus 3D comparison is the dramatic difference observed between the area change of cross sections located at the top and at the bottom of the leg (see Figure 10) . The maximal area change is 3.1%, in the cross section taken at mid-calf, i.e. at the location where the scans of the 2D model were acquired in Avril et al. (2010) . Other cross sections have no change of area while some cross sections are subject to an increase in the area. The resulting volume change across the whole leg is 0.5% according to the 3D CT-scans.
Therefore, the 3D model is more adapted to the identification of tissue compressibility. In the 2D approach (Avril et al. 2010 ), the bulk modulus was underestimated. The relatively large shrinking of the leg in the considered cross section was actually compensated by swelling of the leg at other heights, making the total volume change less than 1%. 
Relevancy of the model
External pressure from Laplace law. The external pressure applied onto the skin depends on the sock stiffness and on the curvature radii. Figure 11 shows the curvature radius as a function of the angular position at a height of 190 mm from the ankle. The shape of this graph is in agreement with those previously obtained by Gaied et al. (2006) and the pressure is of the same order of magnitude. It ranges between 0.5 and 4.5 kPa for Gaied et al. (2006) and 0.6 to 4.7 kPa for the present study. Material properties. The constitutive model may therefore be discussed. Soft tissue properties are assumed isotropic and homogeneous. Although this is a common assumption for fat (Azar et al. 2002; Chung et al. 2008; Linder-Ganz et al. 2007; Tran et al. 2005) , muscles are made up of fibres, which results rather in transversely isotropic material properties (van Loocke et al. 2006; Weiss 1994) . Also the formulation of the strain energy function may not be suitable for this specific problem. Furthermore, fasciae and muscular compartments, which play a significant role in the mechanical response of the system, were not considered because another image modality such as MRI would be required to distinguish them.
Mismatch. The graph showing the curvature radius as a function of the angular position (Figure 11) is smoother for the target contour than the initial contour which means that the target is more rounded. From this point of view, the FE model with identified parameters does not succeed in fitting properties in zones where r simul − r target is negative. It is believed that friction between the sock and the skin may be important. The sliding between the different muscular compartments, and the transverse isotropy of the muscles can also have consequences on the results.
Finally, it might be helpful to make the cost function sensitive to additional changes in the leg. For instance, the expression of the cost function could also include the internal contour of the interface between materials one and two.
All these improvements in the model are out of the scope of this paper mainly dedicated to the inverse methodology. More sophisticated models will be considered in future studies.
Effects of the EC on the tissues
Consequence of non homogeneous pressure. Currently, the choice of a compression sock is based only on the calf size and on the disease significance (Partsch et al. 2006) . However, the present study shows that the spatial variations of pressure are significant inside the leg and, consequently, pressure transmission through the internal tissues should be considered in treating venous disease. As an illustration, the pressure transmitted to the main veins of the leg is not obvious (Figure 8) . A correction factor dedicated to estimating the pressure actually transmitted to veins, and depending on patient morphology, could help physicians to choose compression socks.
Note also that the mechanical role of veins was neglected in this first 3D model, the pressure applied onto the vein walls was assumed to be the same as the pressure in the surrounding tissues. This assumption could not be evaluated in the current study. A more complex model involving muscular contractions (to compare with Maton et al. (2006) ) or fluid-structure interactions will be set up in the future to address this issue. Similarly, the effect of fasciae on the pressure distribution will be addressed.
Conclusion and perspective
For the first time, an inverse approach based on 3D images has been applied to identify constitutive properties of biological soft tissues in the leg. The paper has mainly been focused on the presentation of the inverse methodology and on its application to the problem of leg compression. Results prove the feasibility of the approach. Moreover, the model emphasizes large heterogeneities of the pressure distribution inside the leg. Future studies will consider more sophisticated models for the leg constituents in order to develop a patient-specific 3D FE model of the human leg under compression.
In order to take a step in the direction of medical exploitation of the model, improvements are currently under progress:
• consider anisotropy of the muscles, • consider muscle compartments and fasciae, • apply the method to other patients in order to understand the effect of the leg morphology.
Amongst the perspectives, it is also planned to include the veins in the model in view of simulating the mechanisms of venous return and the action of compression socks on venous flow in the human leg.
